The enzyme phosphoglucomutase 1 (PGM1) plays a central role in glucose homeostasis. Clinical studies have identified mutations in human PGM1 as the cause of PGM1 deficiency, an inherited metabolic disease. One residue, Asp263, has two known variants associated with disease: D263G and D263Y. Biochemical studies have shown that these mutants are soluble and well folded, but have significant catalytic impairment. To better understand this catalytic defect, we determined crystal structures of these two missense variants, both of which reveal a similar and indirect structural change due to the loss of a conserved salt bridge between Asp263 and Arg293. The arginine reorients into the active site, making interactions with residues responsible for substrate binding. Biochemical studies also show that the catalytic phosphoserine of the missense variants is more stable to hydrolysis relative to wild-type enzyme. The structural perturbation resulting from mutation of this single amino acid reveals the molecular mechanism underlying PGM1 deficiency in these missense variants.
Introduction
Human phosphoglucomutase 1 (PGM1; EC 5.4.2.2) has a pivotal role in glucose metabolism, mediating the switch between glycolysis and gluconeogenesis. Recently, mutations in this enzyme have been identified as the cause of an inherited metabolic disorder, PGM1 deficiency, which has characteristics of both a glycogen storage disease (GSDXIV, OMIM 612934) and a congenital disorder of glycosylation of types I and II [1] [2] [3] . Affected individuals have variable clinical phenotypes [4] [5] [6] , which include dilated cardiomyopathy, hepatopathy, hypoglycemia, muscle weakness, growth retardation, delayed puberty, and congenital malformations such as cleft palate. Some affected individuals live relatively normal lives, while others face life-threatening complications, including four patients (ages 8-33 years) who suffered cardiac arrest and others who were listed for heart transplants [4] .
Phosphoglucomutase 1 accomplishes its role in glucose metabolism through the isomerization of 1-and 6-phosphosugars via a bisphosphorylated intermediate [7] . Catalysis entails two consecutive phosphoryl transfers: first from a phosphoserine (P-Ser) residue of the protein to substrate, and next from the intermediate back to the protein (Fig. 1A) . The reaction is highly reversible, and a single Mg 2+ ion is required for activity. The crystal structure of wild-type (WT) human PGM1 has recently been reported [8] . The protein has 562 amino acids, with four domains arranged in an overall heart shape (Fig. 1B) . The active site is found in a large, centrally located cleft and comprises key functional regions, including the catalytic P-Ser, a loop that binds the Mg 2+ ion, as well as residues involved in contacting the sugar hydroxyls and phosphate group of the substrates [8] . The catalytic mechanism and key active site residues are highly conserved across the ubiquitous a-D-phosphohexomutase enzyme superfamily [9] , of which PGM1 is a member.
Phosphoglucomutase 1 deficiency is autosomal recessive in inheritance, and associated with various types of mutations, including frame shifts, aberrant splicing, and missense variants [1] [2] [3] [4] [10] [11] [12] . In the latter category,~20 different mutations are currently known, affecting 19 residue positions in the protein. Among these, residue 263 of PGM1 stands out as the only position affected by two missense mutants, D263Y and D263G, with confirmed association with disease.
Previous biochemical studies indicated that both of these variants were folded and of similar stability to WT enzyme. However, despite the lack of a known role for Asp263 in catalysis or ligand binding, both mutants exhibited significant catalytic impairment, with k cat of 1-2% that of WT enzyme [13] .
To better understand the origin of enzyme dysfunction in PGM1 deficiency, we report herein the crystal structures of the D263Y and D263G missense variants. In combination with biochemical analyses, the structural work reveals that an indirect structural change impacting the active site is responsible for their catalytic impairment. This result expands our understanding of the molecular bases of enzyme dysfunction in missense variants of human PGM1. 
Results

Asp263 participates in a conserved salt bridge in WT PGM1
To understand the structural impacts of the D263Y/G mutations, we first examine the context of this residue in WT PGM1. The protein may exist as either an active, phosphoenzyme or inactive, dephosphoenzyme, depending on the phosphorylation state of its catalytic serine (Ser117); both versions are presented in Fig. 2A . In this figure, the structure of dephosphoenzyme is that of WT human PGM1 from PDB ID 5EPC at 1.9
A resolution [8] , and the phosphoenzyme structure is of rabbit PGM (97% identity with human enzyme) from PDB ID 3PMG at 2.4
A resolution [14] . As chain A is better ordered in the PGM1 crystals, it is used for all structural analyses herein; similar interactions are found in chain B, although bond distances vary.
Asp263 is located near the active site cleft, in the vicinity of several important catalytic regions. These include P-Ser 117 in domain 1, required for phosphoryl transfer, as well as the Mg 2+ -binding loop in domain 2 ( Fig. 2A) . In dephosphoenzyme, the side chain of Asp263 makes just one direct interaction with another residue: a salt bridge to Arg293, the residue immediately following the conserved Mg 2+ -binding loop. In the phosphoenzyme, Asp263 also makes a salt bridge with Arg293, which in turn contacts P-Ser117. In both structures, Asp263 makes several watermediated contacts as well, including a three-way interaction that includes Arg293 and the carbonyl backbone of Pro264.
Both Asp263 and Arg293 are near the active site cleft of PGM1, which is composed of more than 80 residues in total. Arg293 has been proposed to interact with the reaction intermediate [15] , while Asp263, which lies further outside the active site, has no known role in catalysis or substrate binding. Both of these residues are highly conserved in the enzyme superfamily, and similar structural interactions between them can be found in multiple related proteins (Fig. 2B) . Proteins shown in this superposition are from different subgroups of the large a-D-phosphohexomutase superfamily, which differ in their substrate preferences (see legend of Fig. 2 ), and come from diverse organisms including bacteria, yeast and higher eukaryotes. Pairwise sequence identities between these proteins and human PGM1 range from 22% to 53%. Despite considerable overall sequence diversity, the Asp263-Arg293 interaction has been maintained over vast evolutionary distances, as is true for many active site residues in this enzyme superfamily [9] .
Structural impact of the Asp263 mutants
The crystal structures of the D263Y and D263G missense variants were determined to 1.75 and 2. 5 A, respectively (Table 1 ; Experimental procedures). The overall structures of the mutants are nearly identical to that of WT enzyme (Fig. 1B) , with a root-meansquare-deviation (RMSD) of~0. 2 A for both D263Y and D263G for 532-543 C a pairs. Near the site of the mutation, several minor structural changes are seen. The superposition in Fig. 3A highlights these, including small movements of several nearby histidine side chains. Another difference is that Ser117 is found in its phosphorylated state in the mutant structures, as opposed to the dephosphorylated state in the human WT structure (see following section). Overall, these changes from the WT structure appear quite minor, and are not easily correlated with the poor activity of these variants.
The structures of these two mutants, however, do reveal a change with clear significance to enzyme function: reorientation of the side chain of Arg293. As noted above, this is the residue with which Asp263 makes a conserved salt bridge in the structure of WT enzyme. Neither the tyrosine nor glycine of the missense variants is able to make compensating interactions, and, without this, the side chain of Arg293 rotates to a position deep within the active site cleft (Fig. 3B ). In the case of D263Y, due to the larger size of the introduced tyrosine relative to aspartate, steric factors could also contribute to the reorientation of the arginine. However, since a nearly identical conformer of Arg293 is seen in the D263G mutant structure, it appears that loss of the salt bridge with Asp263 is the major determinant of the arginine reorientation.
Arg293 co-opts key interactions needed for binding substrate
Without the salt bridge to Asp263, it is not surprising that the side chain of Arg293 finds new residue interactions that help neutralize its charge, particularly given the preponderance of a positive charge in the active site of PGM1 [8] . The novel, intrasteric (i.e., within the active site) interactions made by the reoriented conformer of Arg293 include contacts with the side chain of Glu376 and the backbone carbonyl of Ser378 (Fig. 3B ). These interactions are noteworthy due to the important roles of these residues in substrate binding: Glu376 and Ser378 reside in the highly conserved sugar-binding loop of the enzyme superfamily, and are proposed to make direct contacts to the O3 and O4 hydroxyls of the phosphosugar substrates [7, 8] . By comparing the proposed interactions of these residues to substrate ( Fig. 3C ) with those observed in the structure of the D263Y mutant (Fig. 3B) , it can be seen that the reoriented side chain of Arg293 has effectively co-opted interactions with these important ligand-binding residues, either directly for Glu376, or indirectly, due to steric hindrance from the nearby backbone contact, in the case of Ser378. The perturbation of the substrate-binding site due to the reorientation of Arg293 is consistent with the observed detrimental impact of these variants on kinetic activity [13] .
The functional importance of residues in the sugar-binding loop of PGM1 is supported by biochemical data, including site-directed mutagenesis and kinetic studies in several members of the superfamily. In phosphomannomutase/phosphoglucomutase from Pseudomonas aeruginosa and PGM from Acetobacter xylinum, E ? A substitutions at the positions corresponding to Glu376 result in k cat /K m < 0.5% that of the WT enzymes [16, 17] . This large effect reflects the loss of the structurally conserved bidentate interaction between this glutamate and the O3/O4 hydroxyls of the phosphosugar substrate, observed in several highresolution (2.2 A or better) crystal structures of enzyme-substrate complexes in related proteins [18, 19] . Although crystal structures of enzyme-substrate complexes are not yet available for human PGM1, analogous roles for Glu376 and Ser378 in substrate binding are supported by two unpublished enzyme-ligand complexes for phosphoglucomutase from rabbit PGM PDB ID 1C4G, 1C47 at 2.7
A resolution.
Correlation with previous biochemical data
Previous studies showed that kinetic impairment of the D263Y and D263G variants is largely due to a reduction in k cat (1.1-2.2% that of WT), while K m is nearly unchanged (~2-fold > WT) [13] . Both of these proteins can also be activated by glucose 1,6-bisphosphate (as measured by phosphorylation of Ser117) at levels similar to that of WT enzyme [13] . In addition, these two variants also have similar melting temperatures to WT enzyme, suggesting their overall DG of folding is not significantly changed, and the crystal structures show that the overall structures of the enzyme and active site are largely unperturbed, except for the reorientation of Arg293. Altogether, these data support the notion that these variants would be competent for catalysis upon the occasion that Arg293 moves out of its detrimental position in the active site. The inherent flexibility of the arginine side chain suggests that this could occur, at least infrequently, explaining their residual activity. Indeed, given that PGM1 is phosphorylated by its reaction intermediate glucose 1,6-bisphosphate, which binds to dephosphoenzyme in a fashion similar to that of substrate, it would be necessary for Arg293 to adopt a WT-like conformer in order for these variants to become phosphorylated in the first place.
Reduction in spontaneous phosphoryl transfer in missense variants
As noted previously, in the D263Y/G variants, the catalytic phosphoserine (P-Ser117) is observed in its phosphorylated state (occupancy~0.8-1.0). This is a notable difference from WT human PGM1, where Ser117 completely lacks phosphorylation, when produced using the same purification and crystallization protocols [8] (The phosphoenzyme version of rabbit PGM in Fig. 2A was produced with different protocols). Based on our anecdotal experience, the ratio of phospho-vs. dephosphoenzyme varies in different samples and batches of recombinantly purified PGM1. However, the large contrast between the D263Y/G mutants and WT enzyme observed in the crystal structures suggested that the missense variants, and the associated novel conformer of Arg293, might affect the phosphorylation level of P-Ser117. To test this biochemically, hydrolysis of P-Ser117 over time was assessed for WT PGM1 and both the D263Y and D263G variants. (Both time and increased temperature are associated with a reduction in the level of P-Ser of related enzymes [20] [21] [22] [23] [24] ). Fully phosphorylated (> 90%) versions of WT PGM1 and the D263Y/G variants were prepared using established protocols [13] (Experimental procedures). Samples were kept at room temperature for 2 days, aliquots collected at different time points, and changes in the levels of intact phospho-and dephosphoenzyme estimated using electrospray ionization mass spectrometry (ESI-MS). Figure 4A shows a shift in relative phosphorylation from~90% to~40% over 48 h for WT enzyme. Strikingly, neither D263Y nor D263G (> 95% initial phosphorylation) undergo a significant change over this time period, consistent with the observation of P-Ser117 in the crystal structures of the D263Y/G variants.
The reduced susceptibility of P-Ser of the missense variants to hydrolysis is presumably associated with the observed structural perturbation of the active site. This could be due to multiple factors, including a potential increase in the strength of the charge-charge interaction between Arg293 and the P-Ser (due to loss of the Asp-Arg salt bridge), which could serve to stabilize the phosphoenzyme. (While the novel contacts made to Glu376 and Ser378 would appear to somewhat compensate for the missing aspartate, even small changes in bond distances/angles could make these interactions less optimal). It is also possible that the new conformer observed for Arg293 makes hydrolysis of the phosphoryl group less sterically favorable, either directly or indirectly by precluding a necessary conformational change in the enzyme. A full understanding of the issues involved will require detailed investigations, which might also address whether the rate of phosphoryl transfer to substrate is similarly reduced in these missense variants, a currently unanswered question.
Arg293 is required for correct protein folding
To further explore the role of the Asp263-Arg293 interaction, we characterized an R293A mutant of PGM1. This mutant was constructed and expressed in Escherichia coli (Experimental procedures), as done for the WT enzyme and disease-related missense variants [13] . The R293A mutant shows a moderate reduction in overall protein expression relative to WT enzyme (Fig. 4B) . However, a striking decrease in the amount of soluble protein obtained (only 8% that of WT) is apparent. The soluble fraction of the R293A protein was purified and further characterized by dynamic light scattering (DLS; Experimental procedures). The sample indicated a molecular weight (MW) in a solution of 102 kD, based on a hydrodynamic radius (R h ) of 4.3 nm. This is larger than the calculated MW for PGM1 of 65 kD, as well as the observed MW from DLS for WT enzyme, which is 72 kD (R h 3.8 nm) [13] . This result indicates aggregation of purified R293A in solution. As this complicates interpretation of other biochemical experiments, no further studies were conducted. The impact of the R293A mutation is strikingly different from that of the Asp263 variants, which are both well folded and soluble, suggesting that Arg293 has importance beyond this inter-residue interaction. Indeed, a review of domain-domain interactions in WT PGM1 showed that Arg293 is one of only 13 residues (of 562 total) that participates in a three-way domain-domain interface [8] . This suggests relevance of Arg293 to interdomain interactions within PGM1, such as maintaining appropriate charge balance between domains during the folding process. A number of missense variants in PGM1 are located in interdomain interfaces of PGM1, and are also known to affect protein folding/solubility [8] . Although no disease-related variants of Arg293 have yet been identified from patients, the observed disruption of protein folding in vitro suggests that individuals with mutations at residue 293 would suffer from PGM1 deficiency.
Discussion
The disease-related missense variants of human PGM1 have varying biochemical phenotypes, which include both those defective in catalysis and those with apparent folding problems [13] . Until recently, no structural information on the molecular basis of enzyme dysfunction for any missense variants of PGM1 was available. However, newly reported crystal structures of two Gly ? Arg variants showed significant impacts on enzyme structure, including multiple regions of induced structural disorder [8] . This study showed that the two-category perspective of enzyme dysfunction (defects in catalysis vs. defects in folding) was too simple, with some variants causing problems in both. In contrast to these recent structures, the D263Y/G variants show no new regions of disorder or other longrange impacts on structure. Rather, these two disparate substitutions (tyrosine vs. glycine) have a common, albeit indirect, impact on the enzyme: loss of a conserved interaction with Arg293, with a concomitant rotameric rearrangement of this side chain into the active site. Considering that biochemical studies also show no difference in the stability of these variants relative to WT PGM1 [13] , dysfunction of the D263Y/G variants appears to be truly catalytic in nature.
In inherited disease, mutants that impair catalysis are less common than those that affect protein folding/stability, but have been found in many systems (for reviews see [25] [26] [27] ). Given previous functional knowledge, such as residues comprising the active site, candidates for catalytic mutants are easily proposed based on sequence information. However, catalytic mutants may also arise from residues beyond those with known direct roles in catalysis (bond making/breaking) or ligand binding, through indirect effects like changing the size of a ligand-binding pocket [28] or blocking access to the active site [29] . The missense variants of Asp263 in PGM1 are similar to these, producing an indirect, propagated structural change due to disruption of a finely tuned network of residues surrounding the catalytic cleft of the enzyme. Residues involved in such indirect effects may be difficult to identify, as they may not affect stability, and could even be located outside of key functional regions or not be sequence conserved. In such cases, crystallographic studies of individual disease-related variants (i.e., 'personalized biophysics' [27] ) may provide many insights.
The Asp263 missense variants of PGM1 cause an intrasteric rearrangement of Arg293 that not only blocks the substrate-binding site but also co-opts interactions with key ligand-binding residues (e.g., Glu376). Thus, while the arginine side chain is chemically dissimilar from the substrate, it nevertheless is able to make interactions with the residues normally responsible for contacting the O3 and O4 hydroxyls of the sugar ring (Fig. 3C ). This intrasteric interaction is reminiscent of proteins regulated by autoinhibition through 'self interactions' [30] . Although most cases of intrasteric regulation involve domains or groups of residues, some involve more subtle changes, such as the tyrosine residue in the active sites of the insulin receptor tyrosine kinase and MAP kinase ERK2 that moves from its autoinhibitory position upon phosphorylation [30] [31] [32] . Although PGM1 is not known to be regulated by autoinhibition, the missense variants at residue 263 mimic this intrasteric effect in principle.
Asp263 is a highly conserved residue in the a-Dphosphohexomutase superfamily, and therefore mutations at this position would typically be considered high impact in terms of disease potential [33] . Moreover, the loss of salt bridges, as seen in the D263Y/G variants, is also associated with disease-causing mutations [25] . However, an appreciation of the underlying mechanism of enzymatic dysfunction, namely the reorientation of Arg293 with its resulting intrasteric interactions and effects on phosphoryl transfer, would not be forthcoming from computational or modeling studies. Similarly, the common structural impacts of these two missense variants would tend to give different predicted effects due to the significant physicochemical differences between tyrosine and glycine [25] . Our recent studies of other PGM1 missense variants that cause long-range, induced structural disorder [8] also provided unique and otherwise unpredictable insights into the molecular basis of disease. Together, these studies further emphasize the value of direct structural characterization of missense variants to the field of inherited disease.
Experimental procedures
Mutagenesis and protein expression
Construction and expression of the D263Y and D263G missense variants of PGM1 were previously described [13] . The R293A mutant was prepared similarly, transformed into E. coli BL21(DE3), and protein expression and solubility assessed in parallel with WT enzyme, following the protocol in [13] . After induction of cell cultures, 1.5 mL of each was centrifuged, and pellets were resuspended in 200 lL B-PER Protein Extraction Reagent (ThermoFisher Scientific, Waltham, MA, USA) and processed according to manufacturer's instructions. Equal volumes of samples obtained from the soluble and insoluble fractions were mixed with SDS sample buffer, and loaded on a 10% SDS/ PAGE gel for analysis.
Protein purification and crystallization
Phosphoglucomutase 1 proteins were purified as previously described [13] . Prior to crystallization, the N-terminal His 6 -affinity tags of the missense variant were cleaved using tobacco etch virus protease as in [8] . Purified proteins were dialyzed into a solution of 50 mM MOPS, pH 7. 
X-ray diffraction data collection and refinement
Diffraction data were collected at a wavelength of 1.00003 A from a single crystal on beamline 4.2.2 of the Advanced Light Source using a Taurus-1 CMOS detector in shutterless mode. Data were processed using XDS [34] and AIMLESS [35] via CCP4I [36] . Data-processing statistics are listed in Table 1 . Values of CC 1/2 > 0.30 [37] and R pim [38] were used to determine the high-resolution cutoff due to the large number of images (~1800 per data set) and high redundancy obtained with the shutterless data collection. The lower resolution diffraction obtained for the D263G variant was due to a smaller crystal size.
Crystallographic refinement calculations were initiated using coordinates of the WT enzyme (PDB ID 5EPC). Refinement was performed with PHENIX [39] ; progress was monitored by following R free with 5% of the data set aside for cross validation. The R free data set for the mutants was constrained to match that of the WT diffraction data. The B-factor model consisted of an isotropic B-factor for each atom; TLS refinement was used as automated in PHENIX.
COOT was used [40] for model building. The structures were validated using MOLPROBITY [41] . Refinement statistics are listed in Table 1 . Structural figures were prepared with PY-MOL [42] .
Both mutant proteins are found in as phosphoenzymes (P-Ser117) in the crystal structures. Each monomer contains one bound ion in its metal-binding site, which was modeled as Ca 2+ in these structures, due to positive electron density remaining after refinement as Mg 2+ ; it is likely that a mixture of metals derived from the crystallization buffer occupy this site. (The metal ion in the crystal structure is not relevant to kinetic activity of the protein, as assays are always done with Mg 2+ -containing enzyme).
Seven sulfate ions are included in the final model of D263Y and four in D263G, including two bound in the active site of each chain.
Dynamic light scattering
The R293A mutant was prepared at 1 mgÁmL À1 in 50 mM MOPS, pH 7.4, and 1 mM MgCl 2 and centrifuged prior to data collection. Data were collected on a Protein Solutions DynaPro 99 instrument at a wavelength of 8363 A for at least 200 s (10 s each for 20 acquisitions) at 25°C. Polydispersity of the sample was 23%. R h was used to estimate MW in solution using software provided with the instrument.
Preparation and assessment of phosphoenzyme
Phosphoenzyme versions of WT PGM1 and the D263Y/G variants were prepared as previously described [13] . Briefly, protein samples at concentrations between 200-300 lM in 50 mM MOPS, pH 7.4, 1 mM MgCl 2 were incubated with a sixfold molar excess of the activator glucose 1,6-bisphosphate for 18 h at 4°C. Glucose 1,6-bisphosphate was subsequently removed via extensive dialysis. This protocol produces~90% phosphoenzyme [13] . The stability of the P-Ser to hydrolysis was monitored at 21°C over 48 h. Aliquots were removed at various time points for mass spectrometric analyses. For ESI-MS, 10 lL of protein samples at 1 pmolÁlL À1 in 1% formic acid were analyzed by nano-LC/nanospray QTOF (Agilent 6520; Agilent Technologies, Santa Clara, CA, USA) in positive ion mode with a Zorbax C8 trap column. Data were examined using the QUAL software (Agilent Technologies) provided with the instrument. The mass error between samples is 0.11 Da (2.1 p.p.m.) and the quantification error is 2%. The percentage of phosphoenzyme was calculated by normalizing the sum of the dephosphorylated and phosphorylated peak heights to 1.0 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53 
